In an effort to produce chronic, isolated left heart failure in dogs, an anastomosis between the left subclavian artery and the left atrium was created with the subsequent development of increasing elevation of the left ventricular end diastolic pressure. This report concerns five surviving animals studied preoperatively and after various periods postoperatively. These studies included repeated right and left cardiac catheterizations, aortic angiograms, electrocardiograms, and studies of renal function, including the response to rapid infusions of saline. The purpose of this investigation was to determine whether sodium retention might be initiated by an elevated pulmonary venous pressure such as occurs in isolated left heart failure. Previous studies of sodium excretion in experimental heart failure were concerned with right heart failure, most commonly produced by a combination of tricuspid insufficiency and pulmonic stenosis. 1 ' -Whereas the latter studies had demonstrated that sodium retention could be induced by
lesions of the right heart with elevation of systemic venous pressures, 3 no similar information was available for lesions of the left heart. The lesion to be described in this study, i.e., an anastomosis between the left subclavian artery and left atrium, was developed after other methods, which we and others utilized to produce left heart failure, were found to result either in early and fatal pulmonary edema or in right and left heart failure occurring in rapid succession.
for two 20-minute and two succeeding 40-minute periods. The bladder was rinsed with measured volumes of distilled water when the urine flow was less than 2 cc/minute, the rinse water being added to the urine specimen for that period. Midpoint venous blood samples were drawn for each period through a polyethylene catheter kept patent with heparin. Plasma sodium was measured by flame photometry and standard chemical methods were used for the determination of creatinine and PAH. 4 
Results
Acute change in pressure occurred upon opening the shunt and representative pressure pulse tracings are shown in figure 1. Within the first few beats after opening of the shunt, a moderate rise in the left atrial mean pressure was observed, averaging 3.3 mm Hg (range 2.4 to 4.0 mm Hg). The left ventricular end diastolic pressure rose 2 mm Hg in the one animal in which it was measured acutely. There was no elevation of the right ventricular pressure in the two animals in which it was measured. Dilatation of the left atrium and left ventricle occurred promptly. A fall in aortic diastolic pressure averaging 19 mm Hg (range 7 to 30 mm Hg) was noted in the four CircmUtion Risurcb, Vol. XV, l*lj 1964 animals in which this was measured. There were variable changes in the aortic systolic pressure. Aortic mean pressure fell an average of 10 mm Hg. The heart rate was not changed by opening the shunt. These changes in left atrial and aortic pressure remained essentially unaltered for a 20-minute observation period. Since ventricular fibrillation was observed when shunts were opened suddenly to their full extent, it was necessary to permit maximal shun-t flow to be attained gradually over a period of 30 to 60 seconds. This was previously observed by Rodbard and Katz/' In the postoperative period, all five animals developed a loud, to-and-fro, continuous murmur, best heard in the left axilla. This murmur remained essentially unchanged thereafter unless late closure of the shunt occurred. After a three-to five-day recovery period following operation, the dogs began to eat satisfactorily and were again placed on the preoperative diet with supplemental salt feeding in preparation for renal studies. Increased respiratory rate at rest was not a conspicuous finding except during the first few days following the operation. In all animals the heart enlarged progressively as determined by clinical palpation of the point of maximal impulse. The electrocardiogram also demonstrated characteristic and progressive changes of left ventricular hypertrophy including increased voltage of the R wave in the left precordial leads, development of deep, thin Q waves in I, aVL and V n . o , T wave inversions in these leads, and prolongation of the ventricular activation time in the left precordial leads. Progressive changes of this nature are shown for one dog in figure 2. Only one animal developed dependent edema and ascites postoperatively. This occurred three weeks after surgery and was found to be due to obstruction of the inferior vena cava by heart worms (vide infra). Postoperative retrograde aortic angiograms outlined the patent shunt and demonstrated early visualization of the left atrium as well as slight widening of the aorta ( fig. 3 ).
Postoperative cardiac catheterizations re- Aortic angiogram in dog two months after insertion of left subclavian-left atrial graft. Arrows indicate the opacified shunt. Note the early visualization of the left atrium and ventricle. z vealed progressive elevation in the left ventricular end diastolic and left atrial pressures in all five animals. The highest left atrial pressure ranged from 10 to 30 mm Hg (average 17 mm Hg) and the highest left ventricular end diastolic pressure ranged from 10 to 30 mm Hg (average 18 mm Hg). The widened aortic pulse pressure which had occurred acutely was maintained throughout the chronic period. The mean pulmonary artery pressure gradually increased in four animals. Right ventricular systolic pressures rose significantly in two dogs (54 and 84 mm Hg) while in the three other dogs there was only slight elevation. Small but definite progressive elevation of the right ventricular end diastolic pressure was noted in all the animals. The highest value (9.6 mm Hg) was seen in the edematous animal in which the right heart was infested with worms. Pressures returned to normal levels in two animals (numbers 1 and 3) in which the shunt closed spontaneously. The cardiac output as measured by the Fick principle remained within the normal range during the period of observation in all animals.
Examination of the five dogs at autopsy disclosed left ventricular dilatation and hypertrophy indicated by increased thickness of the chamber wall and a high ratio of the heart weight to body weight ° (table 1). Four of the animals had no evidence of right ventricular hypertrophy or right ventricular dilatation whereas one animal which survived with a patent shunt for more than a year had right as well as left ventricular hypertrophy but no right heart failure. Table 2 represents the data obtained in the various hemodynamic and renal studies during the control period (two to six experiments per animal) and postoperatively when left ventricular end diastolic pressures were maximal (one to four experiments per animal). There were no consistent changes postoperatively in either glomerular filtration rate, renal plasma flow or filtration fraction. These data were within normal limits for dogs of this size.
The percentage of sodium and water excreted in the two hours following rapid infusion of 1000 ml of isotonic saline is shown in table 1. These values after creation of the shunt did not differ significantly from control values in four of the animals (numbers 1, 3, 4, and 5) in contrast with the findings indicating significant impairment both in the control and postoperative observations in the dog with heart worms (dog 2). Study of the renal Representative preoperative and postoperative curves of sodium excretion (4A), urine flow (4B) and percentage increase in PAH and creatinine clearances (4C) after rapid infusion of 1,000 cc of normal saline in dog no. 5. Zero point represents conclusion of rapid infusion. Note the normal, early peaking at 20 or 40 minutes and the gradual decline in sodium and water excretion thereafter, as well as the normal, gradual hemodynamic data and sodium and water excretory rates in each period during the two hours postinfusion again revealed essentially normal responses in four dogs both preoperatively and postoperatively. Figure 4 (A, B , and C) shows a characteristic example of this response (dog 5) comparing the control data with those obtained at 7 weeks and 17 weeks postoperatively when mean left atrial and left ventricular end diastolic pressures were elevated. Sodium excretion, sodium resorption per 100 ml plasma filtered and percentage of filtered sodium reabsorbed all remained essentially unaltered. The water excretion curves paralleled the sodium curves and were unchanged by chronic elevation of the left ventricular diastolic pressure. The GFR and RPF show the characteristic postinfusion rise of approximately 25% in the first or second observation period ( fig. 4C ). As the GFR rose sooner than the RPF an increase in filtration fraction occurred in the early postinfusion periods. The low sodium and water excretion following a saline load, as well as the delay in PAH and creatinine peaks observed in the third postoperative week in this animal was not noted in die other animals. Dog number 2, with heart worms, caval obstruction, edema, and ascites manifested flat sodium excretion curves, low total sodium output, and the GFR and RPF did not undergo the normal augmentation in the postinfusion periods.
Discussion
The creation of a shunt between the left subclavian artery and the left atrium proved to be an effective method of producing a chronic, progressive elevation of left ventricular end diastolic and left aerial pressure with relatively little rise in systemic venous pressure and without clinical manifestations of right heart failure. In addition, there were clinical signs of cardiac enlargement and electrocardiographic evidence of progressive left ventricular hypertrophy. 
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The magnitude of the shunt flow was estimated from the mean central aortic pressure, mean left atrial pressure, the diameter of the anastomosis at its narrowest point, and the length of the graft. The Gorlin formula* for estimation of flow in the patent ductus 7 indicated a shunt flow varying from about 1500 to 3500 ml/minute. Thus the estimated shunt flow in the dogs with an anastomosis of 4 to 5 mm in diameter approximated the observed systemic output in these animals, indicating that the total left ventricular output was roughly doubled.
These calculations agree with the data presented by Rodbard et al., r> who studied the actual pressure-flow relationship in a similar left subclavian artery-left atrial anastomosis in acute experiments. These data likewise indicated that shunt flows of 2.8 to 3.1 liters/minute could be obtained.
The left subclavian artery-left atrial shunt appears more satisfactory for the study of isolated left heart failure than preparations with experimental arteriovenous fistula since in the latter there is direct elevation of peripheral systemic venous pressure which is a known stimulus to sodium retention. 8 ' ° Experimental aortic-pulmonary artery shunts similar to a large patent ductus possess the disadvantages of interposition of the pulmonary vascular bed and the possible changes in the pulmonary capillaries and arterioles caused by a large volume flow. 10 ' u It is difficult to find satisfactory criteria for chronic isolated left heart failure in the intact dog. Unlike the characteristic manifestations of right heart failure, such as edema and ascites, there are no distinctive clinical manifestations of chronic left heart failure in dogs. In our experimental preparation, the findings which may be construed to indicate left ventricular failure include the presence of a lesion which overloads the left ventricle as well as the left atrium, the clinical and electrocardiographic signs of left ventricular hy-* Flow (ml/sec) = ST 2 X 44.5 ^ aortic mean pressure -left atrial pressure (mm Hg) pertrophy and enlargement, the progressive and persistent elevation of left ventricular end diastolic pressure and mean left atrial pressure, and the delayed development of right ventricular hypertrophy observed in the one dog which survived for fourteen months. In the human being, left heart failure is defined as a clinical syndrome characterized by dyspnea, orthopnea and rales at the bases of the lungs, in a patient with a left-sided cardiac lesion which results in pulmonary congestion. At cardiac catheterization a substantial rise in left ventricular end diastolic pressure is generally regarded as confirming the presence of left ventricular failure. The clinical picture arises from abnormalities in the lungs secondary to elevated left ventricular diastolic, left atrial and pulmonary venocapillary pressures and not usually from any reduction in cardiac output. Other criteria for left heart failure may be formulated, including reduction in cardiac output or other abnormalities in left ventricular performance although these do not correlate as well with the clinical definition of the term.
From the viewpoint of the mechanism of sodium retention in heart failure, these observations are of interest whether or not the preparation is accepted as strictly satisfying criteria for chronic isolated left heart failure. In experimental right heart failure 1-3 as well as after thoracic inferior vena caval ligation vã nd after insertions of balloons into the vena cava there is pronounced sodium retention which has been attributed to elevation of systemic venous pressure. These studies suggested that there may be a volume receptor in the systemic venous system which is concerned with the mechanisms leading to sodium retention. Since the systemic venous pressure is normal in isolated left heart failure, systemic venous hypertension cannot be regarded as the stimulus to sodium retention if such occurs in left heart failure.
Barger et al. 3 reported that even mild elevation of right atrial pressure due to experimental tricuspid insufficiency impaired sodium excretion in dogs. The production of tricuspid regurgitation with pulmonic stenosis uniform-Circulttion Knurcb, Vol. XV, July 1964
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ly resulted in peripheral edema and ascites and severe impairment in sodium excretion when the right atrial pressure exceeded 14 to 16 cm water (10 to 11.5 mm Hg). By contrast in our experimental preparation, with "left heart failure," left atrial pressures consistently in excess of 18 to 23 mm Hg over a period of weeks did not result in detectable impairment of sodium excretion.
If salt retention occurs in left heart failure, it must be assumed that the receptors would reside either in the systemic arterial system, the left cardiac chambers or the pulmonary vessels. Whether our experimental preparation is regarded as indicating left heart failure or not, it does present elevation of the left ventricular diastolic, left atrial and pulmonary venocapillary and arterial pressures. The absence of edema and the normal handling of a sodium load indicate that sodium retention is not stimulated by elevation of pressure in the left cardiac chambers or pulmonary vessels. By exclusion it may be presumed that if sodium retention occurs in isolated left heart failure, it occurs only when left ventricular performance is so impaired that the cardiac output is substantially reduced and renal hemodynamics altered. Despite the striking and persistent rise in left ventricular end diastolic pressure, a significant reduction in cardiac output or renal hemodynamics was not observed. Studies of isolated left heart failure in human beings appear to be consistent with our findings. Thus, human subjects, with moderate or marked pulmonary venous congestion (elevated pulmonary wedge pressure) secondary to lesions of the left heart but without systemic venous engorgement, are capable of excreting large amounts of ingested sodium in a normal manner. 13 ' 14 
Summary
In an effort to produce a preparation for the study of sodium excretion in chronic left heart failure a graft anastomosis was created between the left subclavian artery and the left atrium in five dogs. This resulted in chronic progressive elevation of left ventricular end diastolic and left atrial pressures. Maximal Circulttion Riittrcb, Vol. XV, July 1964 left ventricular end diastolic pressures ranged between 18 and 30 mm Hg, 10 to 20 weeks postoperatively. There was only a slight rise in right ventricular diastolic pressure and no clinical evidence of right heart failure.
Cardiac outputs remained within normal limits in all animals. Serial electrocardiograms disclosed the development of left ventricular hypertrophy and left ventricular hypertrophy and dilatation were observed at postmortem examination. One dog which survived with a patent shunt for more than a year had right as well as left ventricular hypertrophy but no right heart failure. Glomerular filtration rates, renal plasma flow and excretion of rapidly infused isotonic saline remained unaltered even at the highest levels of left ventricular end diastolic pressure. Although the development of left and eventually right ventricular hypertrophy, the chronic and progressive elevation of left ventricular end diastolic, mean left atrial and pulmonary arterial pressure, with only slight elevation of right ventricular end diastolic pressure, were regarded as characteristic features of isolated left ventricular failure, the propriety of this term may be questioned in view of the unaltered cardiac output and renal hemodynamics. But the observations do indicate that marked elevation of left ventricular end diastolic and presumably pulmonary venocapillary pressure, such as occur in left heart failure, do not impair renal excretion of sodium.
